INTRODUCTION
Because of the stable and lipophilic nature of many organochlorines (Noakes & Benfield 1965; Ecobichon & Saschenbrecker 1968) , they show both environmental persistence (Herman, Garrett & Rudd 1968; Dimond & Sherburne 1969) and 'biological magnification' (Hickey, Keith & Coon 1966) . By these mechanisms many species of birds of prey have become highly contaminated with organochlorines. Reports of this contamination were paralleled by field observations of eggshell-thinning and consequent reproductive failure (Ratcliffe 1967 (Ratcliffe , 1970 Hickey 1969; Berger et al. 1970; Cade & Fyfe 1970) . Cade et al. (1971) reported a strong correlation between eggshell-thinning and egg p,p'-DDE • content and indicated the need for experimentation on causal relationships. j Although DDE-induced eggshell-thinning has been shown experimentally with both I predacious McLane & Hall 1972) and non-predacious birds! (Heath, Spann & Kreitzer 1969; Longcore, Samson & Whittendale 1971) , the doseresponse relationship has not been characterized nor have captive and wild predators been compared.
In choosing a species of predacious bird to study a phylogenetically related species to those showing population decline, such as the peregrine falcon (Falco peregrinus Tunstall) was selected. The American kestrel or sparrow hawk (F. sparverius L.), in addition to being congeneric with the peregrine, is more numerous and readily available and has been Successfully bred in captivity (Willoughby & Cade 1964; Porter & Wiemeyer 1969 ).
The objectives of this study using the American kestrel were to elucidate the doseresponse relationship between dietary DDE and eggshell-thinning, and to compare these laboratory results with egg residues and eggshell-thinning found in a north-eastern population of the same species. In view of the recent controversy concerning the 'real' relationship between DDE and eggshell-thinning (Hazeltine 1972; Wiemeyer & Porter 1972; Switzer, Wolfe & Lewin 1972; Risebrough 1972; Blus et al. 1972) , the following data appear timely.
METHODS
Field To establish an easily accessible source from which eggs for residue monitoring and young for laboratory and aviary experiments could be obtained, wild kestrels were encouraged to use nest boxes. During the late winters and early springs of 1969 and 1970 eighty-five wooden nest boxes were constructed and placed in an approx. 155-km 2 area, which is delineated by the United States Geological Survey map Ithaca East, N. Y.
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Outside dimensions of nest boxes were 29 cm wide x 32-5 cm deep with a sloping and removable roof providing a height of 38 cm at the rear to 30-5 cm at the front. A hole, 8-2 cm wide x 7-2 cm high, was located in the front under a 6-4 cm roof overhang. Nest boxes were placed in open-field habitats usually on lone trees, or along hedgerows and forest edges. Trees were selected for their sturdiness and proximity to presumed hunting areas. Nest boxes were placed 5-13 m off the ground. An average of 25% of these were taken over by kestrels during 1969-71. Approximately 65% were taken over by starlings and the remainder divided by red squirrels (Tamiasciurus hudsonicus (Erxleben)), grey squirrels (Sciurus carolinensis Gmelin)), honey bees (Apis meliifera L.), empty boxes and screech owls (Otus asio (L.)) in descending order (see Lincer 1972) .
Field observations varied in frequency and duration depending on objectives and stage of reproductive behaviour. Nest boxes were checked and cleaned out once in late winter and then checked once a week starting in mid-April. As soon as an occupant became established, it was either left alone if not a kestrel or observed more frequently (two or three times a week) if a kestrel. On several occasions, especially early in the spring, starlings were removed if the nest box appeared to have some chance of attracting kestrels. Incubating birds were disturbed to varying degrees. Some would leave the nest box before.
the ladder touched the tree; others had to be lifted in an incubation position while the eggs were checked and then replaced to continue incubation.
Aviary
Experimental birds for the laboratory breeding experiment were trapped along the New York Atlantic coast during autumn migration.
During 1971, kestrels were maintained in the Raptor Ethology Building, Cornell University Laboratory of Ornithology. Individual juxtaposed cages, separated by plywood walls, measured approx. 3-04 m wide, 6-08 m long and a sloping roof provided a '.height of 3-96-5-48 m. Each cage contained one male and one female. Kestrels were fed ,30-g, day-old cockerels daily and ad libitum. Feeding of dosed prey to kestrels began in mid-March and continued through late August. The cages were rarely entered for food removal or for any other purpose. A rear door in the nest box allowed direct observations and removal of eggs. Generally the number, condition, and relative warmth of eggs were inspected daily. All other observations were made through a one-way glass Analytical Dosing of food was accomplished as follows. A concentrated mixture of DDE was made up in a small volume of acetone which was added to A.C.S. (American Chemical Society) grade sesame oil, gently heated and shaken until the acetone had evaporated and then brought up to volume in a glass-stoppered bottle. Dosing was done daily by injecting 0-2 ml of the mixture into dead cockerels in the breast region. Control food was injected with 0-2 ml sesame oil only. Dietary doses were one of the following: control, 0-3, 3-0, 6-0 or 10-0 ppm, based on wet weight (WW).
Because of the possible effect of embryonic development on the eggshell thickness (Kreitzer 1972) , all eggs were collected five days after the last egg of the respective clutch was laid. This also allowed adequate embryonation for determination of viability.
Eggs collected from the field or aviary experiments were checked for cracks or dents and weighed to the nearest 0-001 g and then measured for breadth and length to the nearest 0-1 mm with a Mitutoyo No. 505-633 caliper equipped with a vernier. They were then either stored temporarily at 5° C or blown to remove contents. ;ks or dents ngth to the . They were he shell was broken at the equator, the interior was gently washed with lukewarm water to remove albumen while not disturbing the membranes attached to the shell. The shell was allowed ' to drain for approximately 30 s on a paper towel before measuring the shell thickness to the nearest 0-005 mm at the equator with an Ames No. 25ME thickness gauge. The procedure of not letting the shell completely dry before measuring might have differed from that of other investigators. At least four measurements were taken on each shell, half. High and/or low extremes were disregarded in calculating an average shell thickness. A second measure of eggshell thickness was Ratcliffe's Index (RI), which equalled the weight of the dried eggshell (mg) divided by the length times the breadth in millimetres (Ratcliffe 1970) . The analytical procedure for organochlorine residues was similar to that of Cade et al. (1971) . The clean-up procedure followed that outlined in the Pesticide Analytical Manual For the first florisil fraction of the field samples containing DDE, columns A and C were used. For the second florisil fraction of the samples possibly containing dieldrin columns A and B were used. The residues in the sample were calculated for both columns and the lower value chosen for expressing ppm. Agreement was usually within 15%. Because of the unknown residue nature of field-collected sample residues (Lincer 1973) , an additional column clean-up step (Snyder & Reinert 1971 ) was employed to separate organochlorine pesticides from polychlorinated biphenyls (PCBs). Recoveries of common l organochlorines (e.g. /?,p'-DDE, -TDE and -DDT) exceeded 88%. No corrections were j made for recovery.
RESULTS AND DISCUSSION
DDE residues in kestrel eggs collected in the field averaged 35 ppm, based on oven dry j weight (OD) for five pairs in 1969,42 ppm for twenty-two pairs in 1970, 33 ppm for seven ; pairs in 1971 and 37 ppm for five pairs in 1972 (Table 1) . Observed variation is, at least,, partially explained by differential migration and choice of prey species (Lincer & Sherburne 1974; Mueller 1974) . Respective RIs for 1969-72 were 0-999, 0-960, 0-968 and 0-910 which gives an unweighted average of 10% thinner than the pre-DDT thickness given by Anderson & Mickey (1972) for interior-northern North America. Since it is likely that the above eggshell measurement methodology was slightly different than Anderson & Hickey's, it is .unwise to compare the two on a millimetre thickness basis. The most extensive sampling of eggs was done in 1970 for DDE. Twenty-two nests were sampled and, with one exception, at least two eggs per clutch were analysed for DDE and measured for eggshell thicknesses to estimate within-clutch variation. Average withinclutch coefficients of variation for DDE and RI were 12-1 and 4-93%, respectively.
A random sample of eggs collected during 1970 was also analysed for DDT, DDD,| dieldrin and PCBs (Table 1) . PCBs, quantified as Aroclor 1254, averaged 37 ppm (OD)1 , while TDE and DOT averaged less than 1 ppm. The apparently high average of almost 3 ppm for dieldrin may be biased by one high sample (9-70 ppm), as seven samples collected 'during 1971 averaged only 0-15 ppm dieldrin. Jn addition, only one of these contained more than trace amounts of heptachlor epoxide (0-15 ppm), Heavy metal concentrations in eggs collected in 1970 were: mercury, 0-17; copper, iO-38; cadmium, 0-08; lead, 0-72 ppm on a calculated fresh weight basis (Lincer & McDuffie 1974). indicated that dietary DDE at 2-8 ppm (WW) was capable of inducing eggshell-thinning in captive kestrels. Fig. 1 reflects the dose-response relationship which is important from a toxicological point of view. The upper curve illustrates the experimentally induced percent thinning compared to the control, while the lower curve displays this relationship to pre-DDT thickness. Kestrels on 0-3 ppm DDE produced eggshells that were not different from controls, however, dietary levels of 3-0, 6-0 and 10 ppm resulted in average shell-thinnings of 14-0, 17-4 and 21-7%, respectively, as reflected by RL In terms of a pre-DDT RI of 1-06 (from Anderson & Hickey 1972) , the 'control', 0-3, 3, 6 and 10 ppm diets resulted in 13-2, 6-0, 25-5, 28-3 and 32-1% thinning, respecti ively. Eggshell breakage began to occur when eggshells became more than approximately '22% thinner than pre-DDT eggshells. However, some eggs collected from the 10 ppm j group were up to 38% thinner than pre-DDT eggshells. Figure 2 shows that DDE residues increased as a direct function of dietary DDE levels.
Interestingly (Fig. I ) the initial steep decline in shell thickness resulting from dietary i DDE in excess of 0-3 and less than 3-0 ppm is followed by a levelling off. These data are .similar to those of Porter & Wiemeyer (1969) and , and the resulting negatively decelerating curve, reflecting the response of the kestrel, parallels the (Ratcliffe 1970) and North America (Cade et al. 1971) . Table 2 shows the experimentally induced eggshell-thinning. In view of the eggshellthinning controversy based on statistical analyses, an intensive statistical treatment was carried out on the data. First, these values were subjected to a hierarchical analysis of variance (Myers 1972) , from which significant differences between pairs within the same dietary group (f(ll,46) = 13-00, P<0-01) and between dosage levels (F(4,ll) = 7-65, /*<0-05) were obtained. The differences between parents receiving the same diet indicates 0(3) that genetic and/or cage effects may be involved in producing reliable differences in eggshell thickness and, therefore, the parental and/or cage source of variation ought to be taken into consideration as an important potential variable. The effects of dosage level confirm the reliability of the trends displayed in Table 2 . Fisher's two-tailed Least Significant Differences at P< 0-05 and 0-01 were 0-0202 and 0-0285, respectively (Li 1964 ). Mean differences greater than or equal to these values were statistically significant. Thus, with the exception of the 0-3 ppm group, all other experimental groups differed signi-786
Eggshell-thinning in wild and DDE-dosed American kestrels
ficantly from the controls. In addition, there were differences (/><0-01) between the 0-3 ppm group and higher dietary groups (for both thickness (mm) and Rl).
To understand more about the relationship between the DDE content (ppm, OD) of the eggs and their shell-thinning, correlations between DDE levels and the dependent measures were calculated for .both the laboratory and the field data. The Pearson Product ;ients were also determined for the field data (Table 3) . Based" on an egg by egg comparison, which could be criticized for looking more powerful than it really is, the correlations between DDE and thickness and between DDE and RI were, respectively, -0-365 and -0-400. When the clutch means were used these respective correlations were elevated slightly to -0-413 and -0-470 (P = 0-05 and / > <0-05, respectively). Nevertheless, all of these correlations differed from zero. Thus, for both the laboratory and the field observations,! significant inverse relationships were obtained between DDE content and eggshell-1 thinning. These relationships were obtained for actual measurements of thickness and, those reflected by RI; these two measures being also highly correlated (r = 0-791, based on forty-six eggs collected in 1970).
Because it has been suggested that the Product Moment correlation is inappropriate for comparing egg DDE content and thinning (Hazeltine 1972; Blus el al. 1972) , Spearman's Rank Difference correlations were also calculated and were essentially equivalent to the values obtained with the other method, as they should be (see Hays & Winkler 1970) . For example, the Spearman Rank Difference correlation between DDE and shell thickness was -0-371, a value which is only marginally different from the Product Moment value of -0-365, and is attributable to ties in the rankings.
In any experimentation dealing with the possible effects of environmental contaminants on wildlife, there is a need to relate experimentally induced changes to the field situation. As mentioned earlier, the DDE residues in the field-collected kestrel eggs and their shellthinning showed an inverse relationship as did those eggs produced under conditions of captivity (Fig. 3) . These values were subjected to regression analyses to permit direct comparisons of the relationship of DDE to eggshell-thinning in both groups of birds. Both the wild and the experimental birds show a logarithmic relationship between thickness and DDE concentration. The linear regressions for both the wild birds (F(l,19) = 7-05, /><0-05), and for the experimental birds (F(},\ 1) = 42-8, /»<0-OI) were significant, and the slopes for these curves were not different (f(l,30) = 0-017). Thickness of the eggshells of the experimental birds, however, were lower than those of the wild birds (F(l,31) = 31-9, P<0-01) (Snedecor & Cochran 1967) . The variances of the residuals about each plotted regression line did not differ significantly (F(19,l 1) = 1-52, / J >0-05). These comparisons indicate that both the experimental and wild birds show the same response to DDE. However, all of the experimental birds laid thinner-shelled eggs, which might be attributable to genetic differences and/or to effects uniquely associated with captivity.
Perhaps the most important findings from this research are the elucidation of the doseresponse relationship between dietary DDE and eggshell-thinning in a raptor, and, to the author's knowledge, this is the first time that the eggshell-thinning relationship has been .shown not to be significantly difierent for the same species in both the laboratory and the field. This is confirmed when DDE residues in various raptor eggs are compared and offers the additional advantage of correlative eggshell-thinning data (Fig. 4) . Gyrfalcons (Falco rusticolus L.) on the Seward Peninsula feeding, for the most part, on relatively uncontaminated resident prey produced eggs containing 1-10 ppm DDE (OD) and eggshells no different in thickness than pre-DDT values. Rough-legged hawks (Buteo lagopus (Pontoppidan) on the Colville River in Alaska produced eggs with slightly higher residues (6-45 ppm DDE) and a small, but discernible, degree of eggshell-thinning (-3-3%) (Cade et al. 1971) . A population of prairie falcons (Falco mexicanus Schlegel) in Alberta and Saskatchewan produced eggs with 17 ppm DDE and eggshells 11% thinner than pre-DDT thickness (Fyfe et al. 1969) . Another population of prairie falcons, eggs, which )ciated with of the dose-, and,to the lip has been ory and the :1 eggs duced and offers Gyrfa Icons i relatively (OD) and •vks (Buteo htly higher •11-thinning s Schlegel) •hells 11% rie falcons, from Colorado and Wyoming, produced eggshells-14% thinner than pre-DDT thickness and their eggs contained 27 ppm DDE (Enderson & Berger 1970) . Four pairs of merlins (F. columbarius L.) breeding in Newfoundland produced eggs conlaining 40 ppm. The eggshells of the four pairs of merlins were 11 % thinner than eggs collected before 1947 (Temple 1972) . Snyder et al. (!973) found a highly significant inverse correlation between Cooper's hawk (Accipiter cooperii (Bonaparte) (egg DDE residue and eggshell thickness. Table 4 and text for references to various raptor species. * refers to fertile eggs, t refers to broken eggs. Conversion of residue levels to ppm (OD), for consistency, based on lipid and/or percentage water given by respective authors or Food and Drug Administration.
In addition, they found significantly higher DDE levels in eggs from unsuccessful nests 1 than in eggs from successful nests. In the present study, kestrels around Ithaca, New York,, contained an average of 36 ppm DDE and showed 10% shell-thinning. Peregrines (Falco peregrinus Tunstall) on Amchitka, a fairly non-migratory race, produced eggs containing 48 ppm DDE and eggshells 7-5% thinner than pre-DDT eggshells. From the same study (Cade et al. 1971) , eggs from the more migratory peregrines inhabiting the taiga region and the Colville River of Alaska contained 192 and 252 ppm DDE, respectively and possessed eggshells 17 and 22% thinner than pre-DDT data. Peregrine eggs collected in Ungava, Canada by Berger et al. (1970) contained 80 ppm DDE and were, surprisingly, 21% thinner than pre-DDT eggshells. Since Berger and his co-workers emphasized that Cade et al. (1971) This study Fyfe et al. (1969 ) Enderson & Berger (1970 Temple ( 
their sample was biased towards broken or cracked eggs, it is interesting to note that this sample is somewhat inconsistent with the other raptor populations (Fig. 4) .
The inverse correlation between DDE in North American raptor eggs and eggshell thickness (Fig. 4) is clear but does not prove a causal relationship since other chemicals or factors could be involved. On the other hand, experiments carried out with the | American kestrel (Lincer 1972; Peakali & Lincer 1972) have shown that those toxic chemicals most widely distributed in North America, like PCBs and mercury, do not produce eggshell-thinning by themselves in a raptor, a causal relationship exists between , dietary DDE and eggshell-thinning under controlled conditions (Table 2) which results in a diagnostic correlative relationship between DDE in the resulting eggs and eggshellthinning (Fig. 1) , and this latter, experimentally produced relationship between kestrel egg DDE and eggshell-thinning parallels that observed in the field for the same species (Fig. 3) . The relationship between eggshell-thinning in North American raptors and DDE in their eggs has now been established (Fig. 4) and is supported by experimental evidence, (Porter & Wiemeyer 1969; ; this study, Figs 1, 2 and 3) .
The documentation on raptor eggshell-thinning and population status is more than ample (Table 4 ). Pertinent to the logical conclusion of this discussion are three invariable facts: (1) small decreases in eggshell thickness are correlated with predator species feeding primarily on low trophic levels and/or resident northern prey; (2) more drastic decreases in shell thickness are associated with predators preying on higher trophic level prey quite often associated with the aquatic habitat; (3) not one single North American raptor' population exhibiting 18% or more eggshell-thinning has been able to maintain a stable, self-perpetuating population. Consistent with these findings, a population analysis of, selected avian species (Henny 1972) revealed that the kestrel, along with the brown pelican ' (Pelecanus occidenlalis L.), osprey (Pandion hal/oetus (L.)), Cooper's hawk (Accipiter cooperii (Bonaparte) and red-shouldered hawk (Buteo lincatus (Gmelin)), has been shown to be producing fewer young than it did before DDT was made widely available. Despite , the recent controversy, there can be little doubt now as to the causal relationship between the global contaminant DDE and the observed eggshell-thinning and consequent population declines in several birds of prey (Ratcliffe 1967 (Ratcliffe , 1970 Mickey 1969; Berger et al. 1970; Cade & Fyfe 1970) . '* (2) Based on Ratcliffe's Index, eggshells of the local population averaged 10% thinner than pre-DDT eggshells.
(3) A dose-response relationship is established for dietary DDE and eggshell-thinning in a captive kestrel population.
(4) Statistical analysis revealed that the correlative relationship between DDE in the egg and eggshell-thinning is the same for both captive experimental birds and the wild population.
(5) A discussion of organochlorines, eggshell-thinning and the decline of several populations of North American raptors concludes that a causal relationship exists between the ingestion of prey highly contaminated with DDE and the consequent eggshell-thinning and eggshell breakage. The breeding failure that follows and subsequent population declines of several raptor populations proceeds in a straightforward, logical and well-documented sequence. analysis chniques igress in
